SELECTIVE ADSORPTION OF DIBENZOTHIOPHENES ON ACTIVATED CARBONS WITH METAL SPECIES DEPOSITED ON THEIR SURFACES by Lison, Jakub
City University of New York (CUNY) 
CUNY Academic Works 
Dissertations and Theses City College of New York 
2010 
SELECTIVE ADSORPTION OF DIBENZOTHIOPHENES ON 
ACTIVATED CARBONS WITH METAL SPECIES DEPOSITED ON 
THEIR SURFACES 
Jakub Lison 
CUNY City College 
How does access to this work benefit you? Let us know! 
More information about this work at: https://academicworks.cuny.edu/cc_etds_theses/8 
Discover additional works at: https://academicworks.cuny.edu 







SELECTIVE ADSORPTION OF DIBENZOTHIOPHENES ON 






A Thesis Presented to 
 
The Faculty of the Chemistry Program 
 









of the Requirements for the Degree 
 



















I wish to thank my advisor, Professor Teresa J. Bandosz, my research advisor, for her intellectual 
support and continuous encouragement throughout my studies. This thesis was made possible by 
her patience and persistence.  
I am grateful to Dr. Mykola Seredych for being my second mentor. I appreciate his continuous 
research support and assistance in problem solving, without which this thesis would not be 
possible.  
The help of Dr. Urs Jans with HPLC analyzes and Dr. Jorge Morales with SEM/EDAX analysis 
is highly valued.  
I would like to extent my thanks to Professor Barbara Zajc and Professor Maria Tamargo for 
serving on my committee. 
I also wish to thank Anna Kleyman, Camille Petit, Karifala Kante and Svetlana Bashkova for 
their excellent cooperation and help. 




1. Objectives 4 
2. Introduction 
2.1. Sulfur in liquid fuels 5 
2.2. Negative effects of sulfur dioxide 6 
2.3. Desulfurization of liquid fuels 7 
2.4. Adsorption in desulfurization process 8 
3. Background 
3.1. Adsorption process 9 
3.2. Carbon Adsorbents 10 
3.2. Polymer precursor 12 
4. Experimental 
4.1. Materials 13 
4.2. Characterization Methods 15 
4.2.1. Adsorption capacity 15 
4.2.2. Surface properties 17 
4.2.3. Thermal analysis 17 
4.2.4. Potentiometric Titration 17 
4.2.5 Surface pH 18 
4.2.6 Scanning-Electron Microscopy 18 
5. Results and Discussion 
5.1. Evaluation of prepared adsorbents 19 
5.2. Breakthrough curves and breakthrough capacities 23 
5.3. Surface properties 35 
3 
 
5.4. Potentiometric titration results 42 
5.5. Thermal analysis results 44 
5.6. Dependence between adsorbents properties and performance 51 





The objective of this thesis is an investigation of influence of porosity, surface chemistry, 
material composition and effects of metals oncarbon adsorbents in desulfurization of liquid fuels. 
Materials are derived from poly (4-styrenesulfonic acid-co-maleic acid) salts (sodium or 
transition metals). They are investigated in a dynamic breakthrough process using model diesel 
fuel containing dibenzothiophene (DBT) and 4, 6- dimethyldibenzothiophene (DMDBT). The 
performance of adsorbents is evaluated in terms of the capacity and selectivity. Differences in 




2.1 SULFUR IN LIQUID FUELS 
A significant amount of sulfur is known to be present in most of the fossil fuels deposits 
throughout the world. Sulfur species which are converted to sulfur oxides during combustion of 
fuels, contribute to air pollution and acid rain. When present in exhaust gases of internal 
combustion engines they poison catalytic converters.1 Therefore the removal of sulfur leads to an 
increase in the catalytic converter lifetime and to a decrease in the amount of SO2 released to the 





Figure 1. European SO2 emissions by sector.
2 
 
Figure 2. United States SO2 emissions by sector.
3 
Although transport related emissions don’t seem to be significant, they contribute of 
about 500 kilotons to total pollution annually in Europe and 750 kilotons in the United States of 
America. It should be mentioned here that transport activities are not the only sector, which uses 
liquid fuels. Although not so popular as coal or natural gas, liquid fuels are used in various 
industries and in energy producing processes. Throughout recent years, efforts have been made 
to reduce the sulfur level in transportation fuels worldwide. Since 2006 U.S. Environmental 
Protection Agency had issued regulations that require reduction of the sulfur content in diesel 







































than 30 ppmw5. In Europe the sulfur content in all liquid fuels has been reduced from 350 ppmw 
to 10 ppmw since 20096,7. These requirements to produce ultra-low sulfur fuels result in the need 
for enhancements of current desulfurization methods and in the development of new 
technologies. 
 
2.2 NEGATIVE EFFECTS OF SULFUR DIOXIDE 
As mentioned in section 2.1 sulfur species present in fuel result in the release of sulfur 
dioxide to the atmosphere. This release leads to a phenomenon called acid rain, which is an 
acidic precipitation resulting from conversion of SO2, by oxidation with the hydroxyl radical, to 
sulfuric acid in water droplets8: 
SO2 + OH• → HOSO2• 
Which is followed by: 
HOSO2• + O2 → HO2• + SO3 
In the presence of water, sulfur trioxide (SO3) is converted rapidly to sulfuric acid: 
SO3(g) + H2O(l) → H2SO4(l) 
Sulfuric acid is deposited by wet precipitation with rain, snow or fog or as acidic 
particles. Acid rain can have a severe and extensive ecological impact on aquatic systems and 
forests far away from its point of origin. Minor changes in pH values in the environmental 
systems such as lakes can be critical to the correct functioning of enzymes, hormones, and other 
biological organisms.  In the majority of cases, in aquatic reservoirs and rivers with a usual pH of 
6 to 8, a small difference in the pH will create no danger and organisms will adapt. However few 
factors such as organism's ability to reproduce may become affected, and in more severe 
circumstances, a population of an organism will extinct. In forests, acid precipitation damages 
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trees, plants and affects soil composition. Exposure to such conditions can lead to the 
deforestation and the degradation of soil in affected areas. For humans the acidic precipitation is 
not a direct threat. However, it may affect humans indirectly by damaging agricultural resources 
and affecting clean water reservoirs9. 
In automobiles, before SO2 is even released to atmosphere, it can damage a catalytic 
converter. The catalytic converter is a device used to decrease harmful emissions from exhaust 
gases. It reduces NOx to O2 and N2, oxidizes CO and unburned hydrocarbons to CO2 and water 
using noble metals such as palladium, platinum and rhodium on a ceramic substrate. SO2 is 
deposited on a substrate with noble metals and further adsorbs on the surface and reacts with 
active sites, therefore decreasing the efficiency of conversion10,11.  
 
2.3 DESULFURIZATION OF LIQUID FUELS 
To minimize the negative effects of sulfur on the environment and to industrial 
operations, crude oil is refined by a catalytic process called hydrodesulfurization (HDS).12 The 
HDS method used in industry is based on a catalytic reaction (usually on Co-Mo or Ni-Mo 
catalysts) with hydrogen, to convert the organo-sulfur species into hydrogen sulfide and sulfur 
free organic compounds. Petroleum products with a reduced sulfur content are produced as a 
result of this process. However polyaromatic sulfur-containing compounds such as 
dibenzothiophene (DBT) and its alkyl derivatives are difficult to be removed.. HDS in special 
conditions such as: very high temperatures, very high pressures, large hydrogen consumptions, 
large quantities of an active catalyst, etc. is able to comply with new regulations. But these 
involve significant capital investments and an increase in the cost of fuel.13 Other desulfurization 
methods developed recently such as S-Zorb are used in industry. S-Zorb can be described as 
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reactive adsorption. The sulfur atom is removed from the molecule and is bound by a sorbent and 
hydrocarbon molecule is released to the final product.14Although used in industrial applications 
this process does not completely remove DBT’s and its alkyl derivatives15. Processes based on 
extraction also had been proposed.16,17 Sulfur species in these processes are first oxidized by 
photocatalytic methods15, and then are extracted by organic solvents such as acetonitrille16 or 
butyrolactone12.  
 
2.4 ADSORPTION AS THE DESULFURIZATION PROCESS 
Because of high costs of HDS, extensive research is carried out to propose alternative 
technologies for desulfurization processes. Selective adsorption is one of the approaches studied. 
18,19,20 The adsorption process has two major advantages over the HDS process. One is a low-
energy demand and second is a product with 0 ppm sulfur. The difficulty is to find an adsorbent 
that selectively adsorbs aromatic sulfur compounds, but does not adsorb or weakly adsorb the 
coexisting aromatic hydrocarbons and olefins that are present in the fuel in a large excess. Major 
challenge is to meet new sulfur specifications along with maintaining the aromatic contents of 
the fuel (octane number).21 It has been shown that the introduction of certain transition metals to 
the surface of activated carbons can significantly increase the DBT removal capacity22,23. The 
adsorbents reported were highly selective toward the thiophenic aromatic sulfur compounds, 




3.1. ADSORPTION PROCESS 
Adsorption is a process of accumulating molecules in gaseous or liquid form on an 
external or internal surface of solids. In other words it is an interface transfer of an adsorbate 
from a liquid or gaseous phase to the surface of a solid adsorbent. In some cases adsorption can 
be a reversible process; adsorbed molecules can be removed from the surface by heating or using 
proper solvents. This process is called desorption. The adsorption process in nature can consist of 
two different phenomena: physical adsorption and chemisorption. Physical adsorption is a result 
of Van deer Waals interactions between an adsorbate and adsorbent. Figure 3 shows a typical 
structure of a porous carbon adsorbent.  
 
Figure 3. Carbon adsorbent structure illustrating adsorption process.24 
The size of the molecules is usually a determining factor of the physical adsorption process. 
Smaller molecules can get trough and settle in micropores, whereas larger molecules are 




The important parameter of an adsorbent is its porosity. The porosity is a fraction of an 
unoccupied space inside the structure of a material. According to IUPAC classification there are 
three main types of pores: macropores, mesopores and micropores25. Macropores are those larger 
than 50 nm, mesopores have sizes between 50 nm and 2 nm, and micropores are smaller than 2 
nm25.  
 
3.2 CARBON ADSORBENTS 
Carbon adsorbents, often referred to as Activated Carbon, are a family of carbonaceous 
adsorbents in an amorphous form and having a highly developed internal pore structure. The 
adjective “Activated” originates from the preparation method of the carbon adsorbents. Carbons 
can be prepared from a large variety of natural and synthetic carbonaceous precursors, including 
coal, peat, nutshells, polymers and miscellaneous organic waste.26 Commercially available 
carbons are usually produced in two stages: carbonization and activation. Depending on a 
production method, there are two types of activation processes: physical activation or chemical 
activation. The physical activation is performed after carbonization and involves exposing the 
carbonized materials to high temperatures and oxidizing agents such as steam or CO2. It is 
performed to expand the porosity of a char. Oxidizing agents react with carbon atoms creating 
new porosity and widening already existing pores. Another effect of the physical activation is an 
incorporation of various functional groups (-COOH, -OH, etc) to the surface of an adsorbent.27  
Chemical activation can be performed either before or after carbonization. Chemical 
activation performed before carbonization involves exposing of raw materials to certain 
chemicals (acids, bases or salts) which are further incorporated as functional groups or active 
sites into the adsorbent structure during the carbonization. Chemical activation performed after 
11 
 
carbonization has similar goals as physical activation. Instead of the exposure to oxidizing gases 
at high temperatures, a carbonized material is exposed to strong acids or bases.26, 28, 29   
A wide variety of activated carbon products is available on the market. Because of their 
properties as well as availability and relatively low prices, activated carbons have plenty of 
applications. Main applications are gas and water purification in different industries. Carbons are 
used for purification of drinking water as well as to filter wastewater at sewage treatment 
plants30. Activated carbons are found in personal gas mask filters and in odor removing filters in 
sewage treatment plants. Other applications for the carbon adsorbents include: analytical 
chemistry, catalytic chemistry, spill cleanup, groundwater remediation, medical industry, fuel 
storage, chemical purification, electrochemical and metal industries and many more.31  
The carbon adsorbents are commercially available in several different forms. Most 
popular are granulated and powdered carbons but extruded, impregnated and other forms are 
available. An internal structure of the carbon adsorbents is very complex. Although the carbon 
adsorbents are predominantly made of disorganized forms of distorted graphene plates, several 
different types of crystalline forms has been documented.32 Some of those are: graphite lattices, 
nanotubes, fullerenes etc.  
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3.3. POLYMER PRECURSOR 
Poly (4-styrenesulfonic acid-co-maleic acid) sodium salt is an ionic polymer with a 1:1 
mole ratio of 4-styrenesulfonic acid and maleic acid. It is applicable to use in scale insect control 
or as a dispersant for pigments, clays and fillers. In different mole ratios (3:1) it is also used as a 
boiler additive to prevent and remove sludge, a crystal modifier for calcium salts, a dispersant for 
metal salts and oxides. In the form of solution it can be used as a dopant for conducting 
polymers.33  Physical and chemical properties of polymer are presented in Table 1. Polymer 
structure is presented in Figure 4.  
Table 1. Physical and chemical properties of polymer.33 
Molecular Formula [CH2CH(C6H4SO3R)]x[CH(CO2R)CH(CO2R)]x 
Molecular Weight 344.25 g/mol 
Average Molecular Weight ~20,000 
Viscosity 30 cp (30% solution in H2O) 
Density 0.94 g/ml at 25 ° 
Sulfur Content 6.0 – 13.0 % 
Water Content 5.0 – 12.0  % 
pH 6.0 – 7.5  
 





Eight different carbons were synthesized from organic polymer – sodium salt of 
[poly(styrene sulfonic acid-co-maleic acid)]. Polymer was used in its original form, or in the case 
of metal loaded adsorbents, after an ionic exchange process. The ionic exchange was carried out 
by dissolving the polymer and metal nitrates in water in stoichiometric quantities. The solutions 
were stirred for 24 hours to reach an equilibrium and then dried in 120 °C. Metals were chosen 
on the basis of their ability to catalyze the oxidation of sulfur compounds (Cu, Fe, Ag) and their 
catalytic effect on the HDS (Co, Ni)34,35. Small batches of a polymer, approximately 15 grams, 
were carbonized in a horizontal furnace. Heating rate was 10 deg/min and a final carbonization 
temperature was 800 °C with a holding time 30 minutes. The carbonization process was carried 
out in a nitrogen atmosphere to prevent oxidation. After the carbonization further treatments 
were performed to clean the carbons. Since the initial polymer was in the form of sodium salt, 
washing in a Soxhlet apparatus was carried out to remove excess of water-soluble species. The 
samples were washed until a constant pH was reached. Because the carbon prepared from 
polymer without ionic exchange was suspected to contain remainders of sodium from the 
polymer it was further washed until pH was under 7. Carbon containing Copper was further 
treated with 12% HCl to decrease the concentration of copper species. Following adsorbents 
were prepared: 
 CPs-I – Carbon prepared without an ionic exchange washed with water until constant pH 
 CPs-II – Carbon prepared without an ionic exchange washed with water to pH < 7 




 CPs-Co – Carbon prepared after an ionic exchange with Co(NO3)2 washed with water until 
constant pH  
 CPs-Ni – Carbon prepared after an ionic exchange with Ni(NO3)2 washed with water until 
constant pH  
 CPs-Cu – Carbon prepared after an ionic exchange with Cu(NO3)2 washed with water until 
constant pH  
 CPs-Ag – Carbon prepared after an ionic exchange with AgNO3 washed with water until 
constant pH  
 CPs-CuA– Carbon prepared after an ionic exchange with Cu(NO3)2 washed with 12% HCl 




4.2. CHARACTERIZATION METHODS 
 
4.2.1. ADSORPTION CAPACITY 
Process of adsorption was carried out in dynamic conditions in two separate experiments. 
The same apparatus was used for both experiments. The first experiment was carried out with 
model fuel without arenes and using UV as a characterization method. The second experiment 
was carried out with naphthalene and methylnaphthalene in model fuel and using HPLC as a 
characterization method. The detailed composition of the fuel for both experiments is presented 
in Table 2. The concentration of effluent was analyzed using a UV-Vis spectrophotometer at 
wavelength of 313 nm. Calibration curves were prepared from known concentrations of sulfur in 
the mixture (1-20 ppmw).  
 









Wt. % (mol/ml) Wt. % (mol/ml) °C 
Sulfur Compounds      
     DBT 5.7 x 10
-3 2.35 x 10-7 5.7 x 10-3 2.35 x 10-7 332 
     4,6-DMDBT 6.7 x 10
-3 2.35 x 10-7 6.7 x 10-3 2.35 x 10-7 340 - 350 
     Total 12.4 x 10
-3  12.4 x 10-3   
Aromatics        
     Naphthalene - - 4.0 x 10
-3 2.35 x 10-7 218 
1-Metylnaphthalene - - 4.4 x 10
-3 2.35 x 10-7 240 - 243 
     Total -   8.4 x 10






     n-Decane 48.56 48.56 174 
     n-Hexadecane 51.42 51.42 287 




During the second experiment the composition of the model fuel was changed by an 
addition of naphthalene and 1-methylnapthalene. The concentration of organo-sulfur species in 
the effluent was analyzed by Waters 2690 high performance liquid chromatograph equipped with 
a Waters 996 photodiode array detector. To separate constituents of effluent Lichrospher® RP-
18 column (100 Å, 5 μm, 4.0 mm x 125 mm, EM Separations, Gibbstown, NJ) and a guard 
column (4.0 mm x 4.0 mm) of the same material were used. The flow rate was 1.0 mL/min and 
the injection volume was 10 µl. To provide best conditions for the separation a gradient method 
was used.  It started with 90 % methanol (HPLC, grade) and 10 % distilled water (Milli-Q water) 
as a mobile phase for 10 minutes, then changed to 100 % methanol for 15 minutes and changed 
back to 90 % methanol and 10 % water for 5 minutes. Concentrations of the species were 
determined with previously prepared calibration curves. For dibenzothiophene and 4,6-
dimethyldibenzothiophene a wavelength of 231 nm and retention time of 3.58 min and 7.25 min 
respectively were chosen. For naphthalene and methylnaphthalene a wavelength of 220 nm and 
retention time of 1.78 and 2.39 min respectively were used. 
In both experiments the adsorbents were packed in cylindrical plastic columns (length 60 
mm, diameter 4 mm, bed volume approximately 0.7 cm3) and placed in the holder. Model diesel 
fuel was pumped through the bed of an adsorbent with flow rate of 8.3 mL/min using a 
MasterFlex C/L peristaltic pump. Effluent was collected in samples of 5 mL and then analyzed 






4.2.2. SURFACE PROPERTIES 
Surface porosity data were obtained from nitrogen adsorption isotherms. They were 
measured at –196 °C using an ASAP 2010 apparatus. Prior to the analysis the adsorbents were 
outgassed under vacuum at 120 °C. The isotherms were used to calculate the specific surface 
area (SBET), total pore volume (Vt), volume of micropores (Vmic), and pore size distributions. 
To calculate specific surface are Brunauer-Emmett-Teller (BET) method was used38. The density 
functional theory (DFT) approach was applied to calculate all the pore volumes.39  
4.2.3. THERMAL ANALYSIS 
To obtain TG curves thermal analysis was carried out pm TA Instruments thermal 
analyzer in a nitrogen atmosphere with a heating rate of 10 °C/min. The maximum temperature 
was 1000 °C. For each measurement about 25 mg of the adsorbent sample was used. To analyze 
the materials for metal and ash contents thermal analysis was carried out in air and the ash 
content was compared to the one of the carbon without any metals. 
4.2.4. POTENTIOMETRIC TITRATION 
Surface chemistry was characterized by potentiometric titration and surface pH 
measurements. Due to the reactivity of metals species this method was only used to analyze the 
surface for the materials without metals. 
Potentiometric titration measurements were performed with a DMS Titrino 716 automatic 
titrator (Metrohm). About 0.100 g sample of the material studied were placed in a vessel with 50 
mL of distilled water. Mixture was stirred, thermo stated at a room temperature and equilibrated 
overnight. During the measurements the suspension was stirred and saturated with N2 to 
eliminate the influence of atmospheric CO2. Before each measurement the sample suspension 
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was acidified with HCl (0.1 N) until pH was under 3. The experiments were performed in the pH 
range from 3 to 10, using solution of NaOH (0.1 M) as the titrant. Resulting titration curves were 
transformed into proton binding curves, Q (pH). Q represents total amount of protonated sites, 
and it is related to pKa distribution by the following equation
40: 






This equation is solved using numerical procedures SAIEUS applying combination of 
regularization and non-negativity constraints. f(pKa) is the distribution of acidic sites in terms of 
their pKa values.
40 
4.2.5 SURFACE PH 
Surface pH was obtained by measuring pH of an equilibrated solution of the adsorbent in 
water. About 0.1 g of the sample was grounded to powder, and added to 5 mL of distilled water. 
Mixture was stirred and equilibrated overnight. pH of the mixture was measured using Accumet 
Basic pH meter (Fisher Scientific, Springfield, NJ, USA) 
4.2.6 SCANNING ELECTRON MICROSCOPY 
Scanning electron microscopy (SEM) images were obtained at Zeiss Supra 55 VP with a 
secondary electron detector with an energy dispersive analysis of X-rays (EDAX). The samples 
were out gassed until vacuum 2 · 10-6 Torr was reached. The accelerating voltage was 15.00 kV. 
Scanning was performed in situ on a sample powder. 
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5. RESULTS AND DISCUSSION 
 
5.1. EVALUATION OF PROPERTIES OF THE PREPARED ADSORBENTS 
Ash content, metal content, temperature of ignition, pH and bed density of the prepared 
adsorbents are listed in Table 3. It was assumed that CPs-I contains some of the sodium from the 
polymer precursor. Therefore a part of the material was further washed with water until the pH 
under 7 was reached. In comparison to CPs-II, CPs-I has a higher pH, more ash and a lower 
ignition temperature. These observations confirm that not all of the sodium metal was washed 
out from CPs-I during the soxhlet extraction.  
Table 3. Contents of metal (from ICP and EDAX), ash, ignition temperatures, bed 





Metal content [%] 





[g/cm3] ICP EDAX 
CPs-I 4.1 - - 515 8.00 0.175 
CPs-II 0.4 - - 616 4.95 0.121 
CPs-Fe 15.4 9.3 10.7 496 4.74 0.286 
CPs-Co 16.4 9.0 11.1 477 8.10 0.243 
CPs-Ni 13.5 9.5 7.3 485 7.46 0.312 
CPs-Cu 33.0 21.5 19.2 456 5.68 0.203 
CPs-Cu-A 25.0 18.6 18.9 446 5.33 0.193 
CPs-Ag 46.0 46.0 35.2 578 6.57 0.242 
BAX 3.5 - - 546 6.39 0.165 
S208 2.4 - - 470 10.10 0.476 
In the preparation of materials the ion exchange process was carried out using 
stoichiometric quantities taking into account the valency of the metals. It is likely that in the 
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adsorbents with the low metal content the metals were deposited on the surface in the form of 
water soluble salts and that the salts were washed out during washing. In the case of copper 
containing adsorbent it is possible that copper is also present on the surface as a metal and 
sulfide23. The value of the copper reduction potential (E° = +0.337 V) further confirms this 
possibility. In the case of CPs-Ag equal amounts of ash and metals suggest that silver is present 
in its metallic form on the surface of this carbon. Analysis of the ignition temperature shows that 
the materials with dispersed metals ignited at lower temperature than those without metals. This 
can be linked to the catalytic effect of metals on the combustion of carbon matrix.41 
Figure 5 contains elements maps for the carbons with dispersed metals. Based the maps it 
is likely that metals deposited on the surface are in the form of insoluble inorganic species. In the 
case of CPs-Co, cobalt is present as an oxide and in the case of CPs-Ni, nickel sulfide is the 
predominant species. For CPs-Ag silver is present on the surface in a metallic form, however 
small amounts are detected as silver sulfates. The element maps of CPs-Fe show a variety of 
species. Iron is present as oxides, sulfides as well as in a metallic form. In case of both samples 
containing copper, CPs-Cu and CPs-CuA it is clear that the predominant species are sulfides. 
However metallic species as well as some oxides are still present. After the treatment with acid, 
metallic copper and oxides are seen on the surface For all prepared samples sulfur and oxygen 
are distributed evenly across the surfaces. This suggests the presence of these elements in 
























































































5.2. BREAKTHROUGH CURVES AND BREAKTHROUGH CAPACITIES 
Breakthrough curves of both thiophenic compounds for all carbons are presented in 
Figures 6 and 7. Figure 6 illustrates the breakthrough curves for the experiment without arenes in 
model fuel (E1). The breakthrough curves for the experiments with arenes (E2) are presented in 
Figure 7. In many industrial applications the volume of an adsorbent is the determining factor of 
how much of the material will be used. Figures 6A and 7A show the weight of fuel in relation to 
the unit volume of the adsorbent as a reference. Considering these units, in the experiment 
without the arenes the CPs-Co, Cps-Fe and CPs-I carbons show the best breakthrough 
performance. When arenes were present CPs-I, CPs-Cu and CPs-Fe revealed the longest 
breakthrough times. In both experiments BAX showed the poorest performance in terms of the 
breakthrough time. The actual times were similar for both experiments, breakthrough times were 
ranging from 130 min in case of BAX to 700 minutes for CPs-I. Although data reported in a 
reference to the volume of an adsorbent is important, the breakthrough curves are also reported 
using the weight of the adsorbent as a reference. They are presented in Figures 6B for the 
experiment without arenes and 7B for the complex composition of MDF. The carbons without 
metals showed the best performance in both experiments. This can be explained by the 
differences in the densities of the materials (Table 3). The CPs-I and CPs-II carbons are almost 
twice lighter than the carbon containing metals (CPs-II has a bed density of 0.121 g/cm3 and 
CPs-Co has a density of 0.243 g/cm3). When the unit mass of the adsorbent is considered BAX is 
still among the poorest performing carbons even though it is very light (0.165 g/cm3). Other 
carbons that showed the shortest breakthrough time are CPs-Ag and S208 in the experiments 




Figure 6. Breakthrough curves for total sulfur for all adsorbents in the Experiment 1. Total 


























































Figure 7. Breakthrough curves for total sulphur for all adsorbents in the Experiment 2. Total 

























































When both experiments are compared, the general trend noticed is that the breakthrough 
times are longer when arenes are absent in the fuel. This is expected because of the competition 
for adsorption sites between arenes and benzothiophenes. Although the breakthrough time is 
generally shorter during the Experiment 2 for all carbons, the differences between them vary. 
The largest difference between the two experiments is observed for CPs-Co, followed by CPs-Fe 
and CPs-Cu. This suggests that the presence of metals on the carbon surface affects the 
selectivity of adsorption. The differences are much smaller for carbons without metals. The 
smallest differences in the breakthrough time are observed for CPs-I, BAX, S-208 and CPs-Ag.  
The breakthrough curves for all components of MDF are presented in Figures 8A – E. All 
samples show similar trends for naphthalene and methylnaphthalene adsorption. It should be 
noted that the breakthrough occurred much faster for the carbon having metals on the surface in 
comparison to CPs-I and CPs-II. Especially in the case of CPs-I the breakthrough time is long. 
The curves for DBT and DMDBT are also similar for all materials. However there is a slight 
difference in the shape of those curves. For instance, the curves for CPs-II, CPs-Co and S-208 
are flatter than those for CPs-I, CPs-Cu and CPs-CuA which suggests that adsorption mechanism 
is more complex for these carbons. Generally adsorption of DMDBT is slightly better than that 



























































































































































































The calculated adsorption capacities (Eq. 2) are presented in Table 4.  
  (2) 
Where Cti is the adsorption Capacity at given time (t) for given substance (i),  is 
the amount of treated fuel in time (t), Ci is the concentration of given substance (i) in model fuel, 
Mads is the weight of the adsorbent used. The capacities are reported for all the components of 
model fuel in mg of a substance per gram of an adsorbent, in moles per gram of an adsorbent as 
well as the total sulfur capacities for the experiments E1 and E2 in mg of sulfur per gram of 
adsorbent. Those values are reported at the time when the breakthrough occurred, and the 
concentration of particular substance was greater than zero (referred to as B), and at the 
saturation (S), which occurred when the breakthrough curve flattened or at the end of 
experiment. Also the selectivities are reported in reference to naphthalene calculated for each 




Where αi is the selectivity in reference to naphthalene, Ci is the calculated capacity for 
given compound and Cnap is the calculated capacity for naphthalene. For all carbons the 
breakthrough capacities in mg/gads appear to be larger for 1-MNap in comparison to Nap, and 
capacities for DMDBT are larger than those for DBT. However when the capacities for DBT and 
DMDBT are compared in moles/gads the values are very similar. Only CPs-II and BAX show 
selectivity towards DMDBT compared to DBT. 
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Table 4. Adsorption capacities for each component of MDF, selectivity factor relative to 
naphthalene and total adsorption capacities for each experiment. 
Sample 
Nap 1-MNap DBT DMDBT UV HPLC 
mg/g mg/g mg/g mol/g mg/g mol/g mgS/gads mgS/gads 
CPs-I-S         
Breakthrough 5.09 5.64 21.94 0.119 25.27 0.119 8.05 7.62 
Saturation 10.16 11.27 30.96 0.168 37.02 0.174 13.92 10.96 
Selectivity-B 1.00 1.11 4.31  4.96    
Selectivity-S 1.00 1.11 3.05  3.64    
CPs-II-S         
Breakthrough 2.89 3.21 18.11 0.098 24.63 0.116 8.04 6.86 
Saturation 10.36 13.52 39.78 0.216 52.69 0.248 13.13 14.85 
Selectivity-B 1.00 1.11 6.27  8.52    
Selectivity-S 1.00 1.31 3.84  5.09    
CPs-Fe-S         
Breakthrough 1.78 1.97 12.14 0.066 14 0.066 6.53 4.22 
Saturation 6.95 4.96 25.13 0.136 28.96 0.136 8.37 8.73 
Selectivity-B 1.00 1.11 6.82  7.87    
Selectivity-S 1.00 0.71 3.62  4.17    
CPs-Cu-S         
Breakthrough 1.8 2.2 12.32 0.067 14.2 0.067 6.43 4.28 
Saturation 5.28 4.96 27.45 0.149 31.63 0.149 10.28 9.54 
Selectivity-B 1.00 1.22 6.84  7.89    
Selectivity-S 1.00 0.94 5.20  5.99    
CPs-CuA-S         
Breakthrough 2.58 2.87 12.44 0.068 15.55 0.073 4.75 4.5 
Saturation 5.62 5.41 22.71 0.123 26.17 0.123 7.82 7.89 
Selectivity-B 1.00 1.11 4.82  6.03    
Selectivity-S 1.00 0.96 4.04  4.66    
CPs-Ni-S         
Breakthrough 1.4 1.55 8.76 0.048 10.1 0.048 4.35 3.04 
Saturation 5.48 5.44 22.13 0.120 25.5 0.120 7.79 7.68 
Selectivity-B 1.00 1.11 6.26  7.21    
Selectivity-S 1.00 0.99 4.04  4.65    
CPs-Co-S         
Breakthrough 1.76 1.95 9.91 0.054 11.41 0.054 7.06 3.44 
Saturation 6.18 6.85 27.82 0.151 32.05 0.151 11.94 9.66 
Selectivity-B 1.00 1.11 5.63  6.48    
Selectivity-S 1.00 1.11 4.50  5.19    
CPs-Ag-S         
Breakthrough 1.71 1.9 9.52 0.052 10.97 0.052 3.42 3.3 
Saturation 6.58 6 21.85 0.119 25.1 0.118 7.73 7.58 
Selectivity-B 1.00 1.11 5.57  6.42    
Selectivity-S 1.00 0.91 3.32  3.81    
BAX         
Breakthrough 0 0 2.35 0.013 4.97 0.023 2.56 1.16 
Saturation 3.51 4.04 9.22 0.050 18.51 0.087 3.95 4.39 
Selectivity-S 1.00 1.15 2.63  5.27    
S208         
Breakthrough - - 4.09 0.022 4.71 0.022 2.26 1.42 
Saturation 8.25 7.75 18.58 0.101 21.4 0.101 6.03 6.46 
Selectivity-S 1.00 0.94 2.25  2.59    
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The adsorption capacity calculated for arenes do not differ significantly from each other. 
Only in the case of CPs-I the breakthrough capacities are higher with values around 5mg/g for 
both compounds. All other carbons have capacities in the range from about 1.5 to 3 mg/g. It 
should be noted that for both commercial carbons the breakthrough occurred instantly. For 
organosulfur compounds the results presented show that at the breakthrough point CPs-I has the 
best performance with about 21.9 mg/g of DBT and 25.3 mg/g of DMDBT adsorbed. Another 
polymer-derived adsorbent without metals, CPs-II is not much worse. Capacities are just smaller 
of 3.8 mg/g and 0.6 mg/g, respectively. When the carbons with metals are considered the 
capacities are significantly smaller. Among them CPs-Fe, CPs-Cu and CPS-CuA, with the 
capacities of about 12 mg/g of DBT and about 14 mg/g DMDBT adsorbed, are the best. When 
the data at the saturation is analyzed the results are slightly different. Still the carbons without 
metals exhibit the best performance but this time CPs-II has the largest capacities. Among the 
adsorbents with metals, CPs-Cu and CPs-Co show the best performance. It should be noted that 
for most of the carbons studied the capacities calculated at the breakthrough point were roughly 
50 ± 5 % of those calculated at saturation. However in case of CPs-Co the capacities calculated 
at the breakthrough are just 35 % of those at the saturation. This suggests a different adsorption 
mechanism. Commercial carbons BAX and S208 showed the poorest performance.  
When the selectivities are analyzed, there is a considerable difference between the values 
obtained at the breakthrough point and at the saturation. Those at the saturation are much 
smaller, sometimes even half of the value at the breakthrough. It is a consequence of the fact that 
the breakthrough curves for arenes are very steep initially but then flatten. To get the meaningful 
analysis, the selectivities at the breakthrough are analyzed. CPs-II, CPs-Fe, CPs-Cu, and CPs-Ni 
have the selectivities ranging from 6.2 to 6.8 for DBT and 7.2 to 8.5 for DMDBT. It should be 
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noted that CPs-I and CPs-CuA have the significantly lower selectivities at the breakthrough but 
do not differ as much from other carbons when the selectivities at the saturation are compared. 
As it was the case for the breakthrough capacities, one reason that the selectivities are higher for 
DMDBT is its higher molar weight. J,H, Kim et al.43, reported selectivities for DBT and 
DMDBT of 3 and 4.5, respectively, on activated carbons. The selectivities obtained on our 
carbons are much higher.  
5.3 SURFACE PROPERTIES 
Parameters of the porous structure for the initial and exhausted carbons (in Experiments 
2) are presented in Table 5. To remove naphthalene, 1-methylnapthalene and solvents from the 
surface, the exhausted samples were heated at 250°C before the porosity analysis. It has to be 
pointed out that results can still be affected by the presence of hexadecane which has boiling 
point of 287°C.44 Analyzing the data in Table 5 for the initial carbons, it is clear that among 
synthetic carbons, the ones without metals have the most developed porous structure. The 
surface area and volume of micropores are on average 45% higher than those for the metal 
containing carbons. When CPs-I and CPs-II are compared, small differences are observed. All 
parameters for CPs-II are consistently about 5% larger than those for CPs-I. Similar trend is 
observed when CPs-Cu and CPs-CuA are compared. The parameters of the later material are 
about 8% larger than the former. This indicates that longer washing with acid creates more 
developed porous structure compared to the same carbon washed to lesser extent. Among the 
polymer derived carbons CPs-Ag has the least developed pore structure. Although its total 
volume of pores is comparable to other metal containing carbons it has the least micropores and 
lowest total surface area. 
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Table 5. Surface area (S) and Total pore volume (Vt), Mesopores Volume (Vmeso), Micropore 
Volume (Vmic) and Volume of pores < 1nm (V<1 nm) calculated from the nitrogen 














CPs-I 1214 0.789 0.195 0.594 0.301 0.75 
CPs-I-S 89 0.181 0.144 0.037 0.008 0.20 
CPs-II 1286 0.823 0.206 0.617 0.315 0.75 
CPs-II-S 186 0.255 0.179 0.076 0.003 0.30 
CPs-Fe 740 0.507 0.160 0.347 0.173 0.68 
CPs-Fe-S 136 0.200 0.149 0.051 0.002 0.26 
CPs-Co 626 0.517 0.227 0.290 0.135 0.56 
CPs-Co-S 161 0.237 0.175 0.062 0.015 0.26 
CPs-Ni 657 0.473 0.173 0.300 0.142 0.63 
CPs-Ni-S 128 0.193 0.143 0.050 0.002 0.26 
CPs-Cu 759 0.563 0.198 0.365 0.189 0.65 
CPs-Cu-S 100 0.201 0.163 0.038 0.004 0.19 
CPs-CuA 827 0.621 0.216 0.405 0.210 0.65 
CPs-CuA-S 112 0.199 0.151 0.048 0.002 0.24 
CPs-Ag 522 0.510 0.259 0.251 0.131 0.49 
CPs-Ag-S 64 0.167 0.139 0.028 0.000 0.17 
BAX 2176 1.519 0.701 0.818 0.114 0.54 
BAX-S 978 0.815 0.458 0.357 0.025 0.44 
S208 898 0.483 0.029 0.454 0.240 0.94 




The high content of non porous metal in CPs-Ag is one of the reasons why it has lower 
porosity. The parameters of the porous structure of the commercial carbons are similar or larger 
compared to those for the polymer derived adsorbents. BAX has the largest surface are and pore 
volumes of all carbons studied. Its parameters are almost twice as large as the CPs-I and CPs-II 
carbons and three times larger than those of the metal containing samples. After the adsorption 
process and heat treatment a significant decrease in the porosity is found. The changes are 
especially visible for the volume of pores smaller than 1 nm. Only 1 – 2 % of those pores are 
available after adsorption. The biggest difference in the total surface area and micropores volume 
is found for CPs-I. This carbon also has the highest adsorption capacity for benzothiophenes. A 
similar trend is also found for S208. Almost all of its surface area is in micropores which are 
clogged not only by DBT and DMDBT but also by remains of hexadecane which has the critical 
diameter of 4.5Å. Only about 10 – 15 % of the total surface area and micropore volume are 
available for most of the synthetic carbons after the exposure to MDF. However in case of CPs-
Co those values consist of more than 25% of the initial ones. This suggests that micropores were 
occupied by arenes and prevented access for the thiophenic compounds. Arenes and solvent were 
removed during the heat treatment before the nitrogen adsorption experiments. This reasoning is 
in line with the fact that the CPs-Co adsorption capacity was influenced by the presence of 
arenes in MDF when Experiments 1 and 2 were compared. Even though BAX has the most 
developed pore structure among all the adsorbents its adsorption capacity is the smallest. For the 
exhausted adsorbent, almost 50% of the total pore volume and surface area is still available for 
the nitrogen molecules. This suggests that the carbon composition also plays a role in the 
adsorption process. The surface of the polymer derived carbons must have more affinity towards 
the benzothiophenes in comparison to BAX. This indicates that although the pore structure is the 
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major factor influencing the adsorption performance it is not the only one, as active centers and 
the carbon composition also play a role. 
More details about the carbons porosity can be derived from the pore size distributions 
which are presented in Figure 9. It is clearly seen that all the synthetic carbons have a similar, 
heterogeneous structure. The pores size distributions for all of carbons show a narrow peak 
representing pores smaller than 10Å. There is also a smaller peak representing pores ranging 
from 10 – 30Å and a broad low intensity peak for pores larger than 300Å. The pore size 
distribution of S208 carbon is similar to those of the synthetic carbons. It reveals a large peak 
representing small micropores and a smaller peak for pores 10 – 30Å.  On the other hand, pore 
size distribution of the BAX carbon differs significantly from those of the other carbons studied. 
The peak representing the pores with diameter less than 10Å is smaller and there are two large 
peaks for pores with sizes 10 – 20Å and 20 – 100Å, respectively. Although the synthetic carbons 
are similar to each other there are few specific differences for some of them. For example CPs-
Co has pores between 40 100Å, and CPs-Ag has a large volume in pores between 200 and 500Å. 
After the adsorption the pore size distributions change significantly. For almost all carbons 
studied there is no peak for the pores smaller than 10Å and the peaks for pores 10 – 50Å are 
significantly reduced. The only exception is CPs-Co-S that has some of the very small pores are 
still available for the nitrogen molecules. This suggests that some of those pores were occupied 
by the arenes, thus were not available for thiophenic compounds during adsorption. For most 
carbons there is little or no change in pores larger than 300Å. However in the case of CPs-Ag 
and little less obvious for CPs-Co, there is a visible decrease in the mesopores between 200 and 
500Å. During the adsorption process the deposition of DBT and DMDBT and their surface 




Figure 9. Pore size distributions for the initial samples and after the exposure to MDF for CPs-I, 




























































Figure 9. Pore size distributions for the initial samples and after the exposure to MDF for CPs-































































































5.4. POTENTIOMETRIC TITRATION RESULTS 
Results of potentiometric titration are expressed as the pKa distributions of the species 
present on the surface of the carbons studied. Because of the reactivity of metal species with the 
titrant acid, the potentiometric titration experiments were limited to the commercial carbons 
(BAX, S208) and the synthetic carbons without metals (CPs-I, CPs-II). The pKa distributions for 
CPs-I, CPs-II and BAX are comparable to each other. BAX has the most heterogeneous surface 
off all three carbons. Comparing the pKa distributions with pH values for each adsorbent (Table 
3, page 18) leads to interesting conclusions. CPs-II has the most acidic pH of the three materials 
and BAX pH is almost neutral. However, they have the similar amounts of acidic groups in the 
experimental window with pKa greater than 3. That may suggest that there are some groups on 
CPs-II surface that have pKa smaller than 3. Due to the significant amount of sulfur present in 
the polymer precursor this may suggest the presence of sulfonic groups on the surface of this 
carbon, which results in its low average pH.42 The reason why the same explanation cannot be 
applied for the CPs-I sample, even though CPs-I was prepared from the same polymer precursor, 
is that sodium present on its surface likely neutralized the acidic groups45. 
After adsorption and heating at 250°C the chemistry of carbons visibly changes. Since 
the pore space is partially filled by the adsorbed organic compounds, there is much less acidic 
group detected on the surface. For the CPs-I, CPs-II and BAX carbons, there are new strong 
acidic groups at pKa about 3. Those are most likely results of DBT and DMDBT oxidation on the 
surface. The fact that there are no more basic groups at pKa about 9 further confirms the 
transformation of the surface to the more acidic one. In the case of S208 there are no new acidic 
groups formed after adsorption. 
 
 
Table 6. Peak position and numbers of groups (in parentheses; [mmol/g]) from potentiometric titration for the carbons studied. 



































































































































5.5. THERMAL ANALYSIS RESULTS 
Results of thermal analysis run in nitrogen are presented in Figure 10 as Differential 
Thermo-Gravimetric (DTG) curves for the initial carbons and those after the desulfurization 
process in the presence of arenes (Experiment 2). All carbons were dried at 120°C in order to 
remove any moisture. DTG curves for the carbons without metals are relatively featureless. 
There are two broad and low intensity peaks representing weight loss in the range from 250 to 
400°C and from about 700 to 900°C. Those peaks are linked to the decomposition of oxygen 
containing functional groups46. Carboxylic acids are known to decompose at lower temperature 
range and at the higher - esters, phenols and other basic groups decompose.47 
 
 





































































































































































In the case of metal containing carbons the DTG curves are more complex. With 
exception of CPs-Ag, all of them have a more or less intense peak around 300°C. As for the 
carbons without metals, those peaks represent the decomposition of surface acidic groups. 
However higher intensity of those peaks for the carbons with metals can be linked to the 
decomposition of metal hydroxides, which might be formed on the surface. For instance, for 
CPs-Fe the peak at approximately 300°C represents conversion of iron hydroxides to oxides, 
which get further reduced at approximately 900°C to metallic iron.45 DTG curves for both 
carbons with copper are more complex than all other samples. There are two peaks in lower 
temperatures, first at about 250°C and second at about 400°C. First of those peaks represents 
dehydroxylation of copper hydroxide, second represents reduction of copper oxides and 
sulfides48. Broad peaks at temperatures higher than 600°C represent further reduction of copper 
to the metallic form 48. Different intensities of peaks resulting from washing the carbons with 
HCl cannot be compared directly because the difference in an inorganic matter content. However 
lesser intensity of the peak at 400°C suggests that some of the copper species, likely sulfide, 
were removed by washing in hydrochloric acid.  
DTG curves for the carbons after adsorption, presented in Figure 10, show several peaks 
related to the removal of substances adsorbed on the surface. To better see the decomposition of 
adsorbed substance, DTG curves for the initial materials were subtracted from those obtained 
after adsorption. The curves are presented on Figure 11. For all materials studied there are three 
well-pronounced peaks with maxima at approximately 200°C, 350°C and 450°C. The 
temperatures of the peaks were compared with boiling points of the components of model diesel 





























































First and the largest peak with maximum at about 200°C represents removal of 
physisorbed decane and hexadecane (boiling points 174°C and 287°C, respectively). Adsorbed 
naphthalene and methylnaphthalene are removed at slightly higher temperatures (boiling points 
218°C and 243°C, respectively). However they are still a part of the first peak and a little 
“bump” can be noticed for most of the samples. A second peak with a maximum at 
approximately 350°C is likely the effect of the removal of DBT and DMDBT  physically 
adsorbed as well as  of remainders of the hexadecane adsorbed in small pores. The third peak 
with maximum at about 450°C likely represents the removal of the reactive adsorption products 
which have higher boiling points than those for DBT and DMDBT36. Comparison of the thermal 
analysis results for the initial and exhausted samples reveals another trend suggesting reactive 
adsorption. The peaks appearing at 600°C – 800°C for the initial carbons, which were assigned 
to the removal of basic groups and to the reduction of metal oxides, are no longer present after 
adsorption. This suggests that oxygen containing surface groups and metallic oxides were 
involved in surface reactions with sulfur present in DBT and DMDBT. Oxidation of 
organosulfur compounds will enhance their polar interactions with surface groups present on the 
surface of the carbons, therefore increasing the selectivity of adsorption48.  
Comparison of the weight loss associated with the removal of DBT and DMDBT and the 
amounts adsorbed is presented in Table 7. The weight loss in the same temperature range for the 
initial carbons is also included. The weight loss difference is calculated by subtracting the weight 
loss for initial carbon from weight loss of the exhausted material. As expected, the total weight 
loss without corrections for the initial carbons is greater than amount adsorbed for all materials. 
For CPs-I and CPs-II carbons, when weight loss after adsorption is corrected for weight loss of 
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initial material, the values are very close to the amount adsorbed. The situation is slightly 
different for materials with metals. 
For the carbons with metals, the difference in weight loss before and after the adsorption 
is smaller than the amount adsorbed. These differences vary between each carbon. For CPs-Ni 
for which the weight loss before and after adsorption were almost identical. For material with 
Cobalt and two materials with copper there was about 30 % difference from the adsorbed 
amount. Only the carbons with silver and iron have the weight loss similar or greater than the 
amount adsorbed. In the case of silver it is expected since silver is present in its metallic form 
and does not act as an active center. It is interesting that CPs-Fe and CPs-Ag were the only 
carbons with metals whose DTG curves above 600°C didn’t change after adsorption. Lack of the 
peak above 600°C suggests some change in surface chemistry of the metal containing materials 
but this aspect is beyond the scope of this thesis. 
Table 7. Comparison of the amount of sulfur organic compounds adsorbed on the surface of 
carbons and the weight loss from TA for the samples before and after Experiment 2. 
Sample 
% DBT + DMDBT 
adsorbed 
Weight loss [%] (250 – 600 oC) 
After Experiment 2 Initial Carbon Difference 
CPs-I-S 6.80 10.25 3.57 6.68 
CPs-II-S 9.26 13.38 3.50 9.88 
CPs-Fe-S 5.41 9.92 4.23 5.69 
CPs-Co-S 5.99 11.63 7.44 4.19 
CPs-Ni-S 4.76 10.33 9.72 0.61 
CPs-Cu-S 5.91 9.4 5.39 4.01 
CPs-CuA-S 4.89 10.51 6.49 4.02 
CPs-Ag-S 4.70 8.86 1.94 6.92 
BAX-S 2.77 10.23 2.76 7.47 




5.6. DEPENDENCE BETWEEN ADSORBENTS PROPERTIES AND PERFORMANCE 
To further analyze the results discussed above, the breakthrough capacities at the 
saturation were plotted against the volume of micropores. The breakthrough capacities at the 
saturation were chosen to analyze the data since at these conditions the adsorption process 
reached quasi-equilibrium. The graphs for the data obtained in Experiments 1 and 2 are 
presented on Figure 11. Because the S208 and BAX carbons’ properties differ significantly from 
those of the synthetic carbons they are not included in the trend line and are presented in the 
Figure 11 for comparison purposes only. Although for both experiments R2 value is far from 
ideal, the linear trend is clearly seen. If the trend line is considered as an “average”, each carbon 
performance can be graded according to its ability based on the micropore volume. Following 
this approach, it is seen that in both experiments CPs-Ni performed worse than other carbons 
based on their micropore volume. This suggests that the presence of nickel does not enhance 
adsorption properties of that carbon. In the case of CPs-Co it is seen that the presence of arenes 
negatively influences its performance since the trend in Experiment 1 is much better than in 
Experiment 2. The same is true for CPs-I. On the other hand, that trend is reversed for CPs-II 
which performed better in Experiment 2 when arenes were present. When comparing both 
carbons with copper, it is seen that washing some of the metal away negatively influences its 
performance at the saturation. During both experiments CPs-Cu performed better than average 



















































































The results presented in this thesis show a very good performance of synthetic carbons in 
a deep desulfurization process. Polymer derived carbons without metals present on their surface 
showed the highest adsorption capacities of DBT and DMDBT when the weight of an adsorbent 
is used as a reference. When the volume of an adsorbent is used as a reference, the carbons with 
copper and iron demonstrate the best performance.  
When naphthalene and methyl-naphthalene were present in model fuel, the capacities of 
carbons to adsorb DBT and DMDBT decreased. The biggest drop was observed for the carbon 
with cobalt on the surface. Selectivities of adsorption were in a similar range for all carbons 
studied. Even though the performance was worse in the presence of arenes, the selectivities were 
higher than those described in the literature for other activated carbons. All carbons had slightly 
higher adsorption capacities and selectivities for DMDBT than those for DBT. It is due to higher 
molar weight of DMDBT. Only CPs-II and BAX showed selectivity towards DMDBT and it is 
most likely because of the high acidity on the surface of those carbons combined with the fact 
that DMDBT is more basic than DBT.42 
The volume of micropores, the amount of surface acidic groups and the amount of active 
sites are the properties which affect the adsorption capacity of DBT and DMDBT. The 
incorporation of metal species to the surface of carbons decreases their porosity, but contributes 
to an increase in the number of adsorption centers. Carbons with cobalt, iron and copper seem to 
be the most active ones. Compared to two commercial carbons studied, the synthetic adsorbents 
outperformed them in the every aspect of the desulfurization performance, even though the 
surface properties were similar. The differences between commercial and synthetic carbons can 
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be explained by differences in the properties that affect the adsorption. In the case of S208, it is 
the smaller number of acidic groups and smaller micropore volume that limit the adsorption. In 
case of BAX it is the smaller volume of pores less than 1 nm and, as discussed in par. 5.4, lack of 
surface acidic groups with pKa smaller than 3 that are likely present in synthetic carbons. Based 
on thermal analysis, synthetic carbons prepared have significant amount of polar groups and 
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